The release of mitochondrial DNA (mtDNA) following trauma has been documented in both humans and animal models.[@R1],[@R2] High titers of mtDNA have also been found in reaming material collected during the intramedullary nailing of fractured femora with subsequent rises in patient plasma levels.[@R3] mtDNA[@R4] released during cell necrosis stimulates the innate immune system and is associated with postinjury sterile systemic inflammatory response syndrome (SIRS)[@R1],[@R2] and acute lung injury.[@R1]

The origin of the eukaryotic cell is a debated topic, but one of the widely accepted theories is that during evolution, archaebacteria internalized α-proteobacteria,[@R5],[@R6] which became the energy producing endosymbiont (mitochondrion) of the eukaryotic cell.[@R6] In contrast to nuclear DNA (nDNA), bacterial DNA (bDNA) is circular and contains unmethylated CpG repeats.[@R7] Mitochondria possess several copies of their genome (between 2 and 10 per mitochondrion), which resembles bDNA containing unmethylated CpG repeats.[@R8]

These mtDNA and other cellular derivatives have been termed *damage-associated molecular patterns* (DAMPs) or *alarmins*.[@R4] Notably, alarmins can induce an inflammatory response at physiologic concentration.[@R4] Human neutrophils have been shown to be activated by exposure to mtDNA through activation of TLR4,[@R3] TLR9,[@R2] and FPR1.[@R3] Acute inflammatory lung injury was induced by injecting mitochondrial DAMPs in a healthy rat model.[@R3]

The tissue injury at the time of trauma is an important but nonmodifiable factor for postinjury inflammation-associated complications. Surgical interventions on trauma patients cause secondary tissue injury, releasing DAMPs, and can potentially act as a deleterious second hit to negatively influence the clinical outcome.[@R9] More importantly, the timing and the magnitude of these procedures are potentially modifiable predictors of multiple-organ failure (MOF). The perioperative profile of mtDNA plasma concentrations of trauma patients is unknown. It has been suggested to that the initial high titers rapidly decrease within hours after injury.[@R10] mtDNA plasma concentrations are recently reported in isolation without addressing the simultaneous release of nDNA.[@R10] nDNA has been correlated with injury severity.[@R11]

We aimed to describe the natural history of mtDNA and nDNA release after surgery and the potential association between DNA release and resuscitation and the invasiveness of the surgical intervention.

We hypothesized that the mtDNA levels (and similarly nDNA levels) would increase in a dose-dependent fashion directly related to the degree of tissue damage sustained in surgery. Levels are then anticipated to rapidly decrease after the surgical intervention.

PATIENTS AND METHODS
====================

Research Compliance
-------------------

Ethical approval for the study was obtained from Hunter New England Human Research Ethics Committee (HNEHREC). All plasma samples were obtained with informed consent.

Patients and Blood Samples
--------------------------

Blood was sampled from 35 trauma patients with informed consent at six time points in the perioperative period (immediate preoperative and postoperative periods and then 7 hours, 24 hours, 3 days, and 5 days postoperatively). The rationale for the sampling time points was based on previous publications examining immune responses to orthopedic trauma interventions.[@R12],[@R13] Consecutive trauma patients older than 17 years with skeletal injuries, requiring standardized orthopedic trauma surgical fixation including pelvic (symphyseal plating, iliosacral screw fixation, or open reduction and internal fixation of the sacrum or sacroiliac joint), acetabulum (open reduction and internal fixation from ilioinguinal and/or Kocher-Langenbeck approaches), femoral (intramedullary nailing of the femur), or tibia/fibula fractures (intramedullary nailing of the tibia), were included between January 2013 and June 2013. Patients operated on between Friday and Sunday have not been included because of the potential logistic problems with sample collection and procession during the weekends. There were no refusals or withdrawals during the 6-month recruitment period. Pelvic and acetabulum surgery cases were further categorized as major open surgery or percutaneous/minimally invasive surgery. Patients were excluded if they had underlying autoimmune or any chronic inflammatory condition. SIRS was defined based on consensus; for the definition of MOF, the Denver score was used.[@R14],[@R15] Healthy control subjects who were age and sex matched with the study cohort (n = 20) were recruited through the Hunter Medical Research Institute registry. The registry tends to have more senior and more female volunteers than the usual trauma populations. The primary goal was better matching for age, and the secondary goal was to match sex. Plasma was separated from 5 mL of whole blood and frozen at −80°C before analysis.

### mtDNA and nDNA Extraction From Plasma

Plasma samples were thawed on ice, pulse vortexed for 15 seconds, and then centrifuged at 12,000 G for 10 minutes to pellet cell debris. Cell free plasma sample (200 μL) was aspirated and used for DNA extraction[@R16] using a blood DNAeasy extraction kit (Qiagen Chadstone, Victoria, Australia) according to the manufacturer's instructions and using a 200-μL elution volume.

### Real-Time quantitative polymerase chain reaction (qPCR) Protocols

DNA eluates were diluted 10-fold with nuclease free water, and 5 μL of the diluent was then used for each qPCR reaction. The 5 μL of diluted DNA was added to 7 μL of SYBR green master mix (SensiFast, Biolines, Alexandria, New South Wales, Australia). The real-time qPCR analysis was performed using Applied Biosystems Real-Time 7500 analyser (Applied Biosystems, Life Technologies, Foster City, CA). mtDNA primers were designed and synthesized for COX3 and ND3; and the nDNA primer, for GAPDH (Geneworks Hindmarsh, South Australia, Australia) (Supplementary Digital Content 1, <http://links.lww.com/TA/A504>). Standard curves were constructed using highly purified mtDNA/nDNA to enable calculation mtDNA and nDNA sample concentrations in nanogram per milliliter. All samples were screened for bDNA, the presence of which could indicate sepsis.

Data Analysis
-------------

Data are presented as mean (SD) for parametric variables and as median (interquartile range \[IQR\]) for nonparametric variables. Data were visually examined for skew. Hypothesis testing of changes in DNA concentrations between the time periods were performed using the Friedman test, a nonparametric equivalent of repeated-measures analysis of variance (ANOVA). Differences between mtDNA and nDNA were compared at each time point using the Wilcoxon signed-rank test. DNA levels in the trauma cohort at different time points and healthy controls were compared using the Kruskal-Wallis test. Multiple comparisons were performed by using the Holm-Sidak approach.[@R17] Differences between operative interventions were tested using two-way repeated-measures ANOVA. Correlation between continuous variables was calculated using Spearman's correlation coefficient.

RESULTS
=======

Study Population Demographics
-----------------------------

Blood samples were obtained from 35 trauma patients (25 males, 10 females), with a median age of 38 years (IQR, 29--48) and a median Injury Severity Score (ISS) of 14 (IQR, 9--22). The 20 healthy controls' (12 males, 8 females, *p* = 0.57 compared with trauma patients) median age was 38 years (IQR, 28--50) (*p* = 0.87 compared with trauma patients). All patients had experienced high-energy blunt trauma resulting in fractures that required surgical stabilization. Seventeen patients experienced polytrauma, and 18 experienced monotrauma. Median initial base deficit was −1 mEq/L (IQR, −3 to 0.9). The following interventions were performed: major pelvic surgery (n = 10), minor pelvic surgery (n = 11), femoral nailing (n = 7), tibial nailing (n = 7), and combined femoral and tibial nailing (n = 2). No patients had clinical signs of sepsis or microbiologically proven bacteremia during the perioperative period. Median time to surgery was 48 hours (IQR, 18--96) from injury. Thirteen patients received a blood product transfusion before surgery, and an additional nine received a transfusion in the postoperative period. Thirteen patients were admitted to the intensive care unit (median stay, 6 days; IQR, 3--11 days) (mean \[SD\] ventilator days, 3 \[3\]). Twelve patients developed clinical SIRS. Three patients developed MOF. All patients survived, and the median length of hospital stay was 18 days (IQR, 8--33).

### Perioperative Changes in DNA Concentration

The median (IQR) plasma mtDNA concentration (ng/mL) (preoperative period, 108 \[46--284\]; immediate postoperative period, 96 \[29--200\]; 7 hours postoperatively, 88 \[43--178\]; 24 hours, 79 \[36--172\]; 3 days, 136 \[65--263\]; 5 days, 166 \[101--434\]) was elevated compared with that of the healthy controls (11 \[5--19\]) at all six perioperative time points (Kruskal-Wallis test, *p* \< 0.0001) (Fig. [1](#F1){ref-type="fig"}*A*).

![*A*, Free plasma mtDNA concentration of the trauma cohort was significantly higher than that of the healthy control subjects (Kruskal-Wallis test, *p* = \<0.0001; Dunn post hoc test, *p* = \<0.05) at all perioperative time points. There was no significant change in mtDNA concentration measured between any time points in trauma patients' plasma. Spearman's test was applied for nonparametric data comparing changes in mtDNA (omnibus *p* = 0.054). *B*, Free plasma nDNA concentration of the trauma cohort was significantly higher than that of healthy control subjects (Kruskal-Wallis test, *p* = 0.0069; Dunn post hoc test, *p* = \<0.05) at all postoperative time points (preoperative comparison with healthy controls: Kruskal-Wallis test was nonsignificant). There was no statistically significant change in nDNA concentration measured between any time points in trauma patients' plasma. Spearman's test was applied for nonparametric data comparing changes in nDNA (omnibus *p* = 0.075).](ta-78-282-g001){#F1}

The median (IQR) plasma nDNA concentration (ng/mL) (preoperative period, 52 \[25--130\]; immediate postoperative period, 100 \[35--208\]; 7 hours, 75 \[36--139\]; 24 hours, 85 \[47--133\]; 3 days, 79 \[48--117\]; 5 days, 99 \[41--154\]) was elevated compared with that of the healthy controls at all postoperative time points (29 \[16--54\]). (Kruskal-Wallis test, *p* = 0.0069) (Fig. [1](#F1){ref-type="fig"}*B*).

Plasma concentration of mtDNA was also found to be significantly elevated compared with nDNA levels in the study population at preoperative period (Wilcoxon test, *p* = 0.003), 3 days postoperatively (*p* = 0.003), and 5 days postoperatively (*p* = 0.0014) (Fig. [2](#F2){ref-type="fig"}).

![Statistically significant difference between free plasma mtDNA and nDNA levels at preoperative period (*p* = 0.003), 3 days postoperatively (*p* = 0.003), and 5 days postoperatively (*p* = 0.0014). Statistical comparison was made using the Wilcoxon matched-pair signed-rank test.](ta-78-282-g002){#F2}

Those patient who had low preoperative serum mtDNA concentration had less pronounced postoperative mtDNA concentrations than those who had high concentrations (*p* = 0.0138, Wilcoxon matched-pairs rank-sum test). No correlation was found between the preoperative and postoperative nDNA concentrations.

There was no detectable bDNA in any patient included in the study cohort at any time point or in the healthy controls (data not presented).

### Magnitude and Timing of Surgery

Major pelvic surgery was associated significantly higher mtDNA levels when compared with percutaneous, minimally invasive pelvic surgery, at day 5 postoperatively (two-way ANOVA and then Holm-Sidak test, *p* \< 0.05) (Fig. [3](#F3){ref-type="fig"}).

![Statistically significant difference between free plasma mtDNA levels at 5 days postoperatively when comparing major pelvic versus minor pelvic surgery (*p* \< 0.05). Statistical comparison was made using two-way ANOVA test.](ta-78-282-g003){#F3}

There was a statistically significant correlation between the preoperative plasma mtDNA concentration and the time elapsed from injury. No significant correlation was found between time to surgery and preoperative nDNA levels (Fig. [4](#F4){ref-type="fig"}*A* and *B*).

![Statistically significant correlation between reduced time from injury to surgery and elevated preoperative levels of mtDNA (Spearman's test, *p* = 0.0085). No significant correlation was found with preoperative nDNA levels (Spearman's test, *p* = 0.055).](ta-78-282-g004){#F4}

### Tissue Necrosis, Fluid Resuscitation, and SIRS/MOF Association With mtDNA

No correlation was found between mtDNA levels and markers of cell necrosis, namely, creatine kinase (CK), lactate dehydrogenase (LDH), and aspartate aminotransferase (AST) (Fig. [5](#F5){ref-type="fig"}*A*--*C*). There was no correlation between CK and nDNA serum concentrations, but there was a significant correlation between AST and nDNA (72 hours postoperatively) and also between LDH and nDNA concentration (preoperative period, 24 hours postoperatively, and 72 hours postoperatively) (data not presented here). Immediate postoperative mtDNA levels were negatively correlated with intraoperative crystalloid fluid administration (*p* = 0.0017) (Fig. [6](#F6){ref-type="fig"}). No significant difference in plasma free mtDNA/nDNA was observed with SIRS (n = 12) versus no SIRS (n = 23) or MOF (n = 3) versus no MOF (n = 32).

![No statistically significant correlation to mtDNA levels (Spearman's test) between AST (*p* = 0.47--0.84) (*A*), LDH (*p* = 0.13--0.62) (*B*), and CK (p = 0.39--0.48) (*C*).](ta-78-282-g005){#F5}

![There was a statistically significant correlation (Spearman's test) between volume of intraoperative crystalloid infused and postoperative mtDNA level (*p* = 0.0017).](ta-78-282-g006){#F6}

DISCUSSION
==========

We demonstrated that mtDNA release and subsequent elevated plasma titers are sustained for at least 5 days following major orthopedic interventions on trauma patients. Trauma patients have elevated mtDNA plasma levels preoperatively days after the initial traumatic tissue injury. The detected mtDNA concentration in the plasma is independent of tissue necrosis markers but negatively correlated with the magnitude of intraoperative fluid administration. Major pelvic surgery was associated with a higher elevation in plasma mtDNA titers compared with minor pelvic surgery toward the end of the observation period. Our cohort was not powered to demonstrate association between mtDNA or nDNA titers and outcomes. These findings are novel because while it has been demonstrated that mtDNA is released by injury,[@R1] it has not previously been demonstrated in plasma days after surgery and the late increases in mtDNA levels rising significantly above nDNA levels were unknown so far.

The correlation between the preoperative mtDNA and time from injury to surgery indicates that mtDNA could be a valuable marker for optimal surgical timing. Independently from the elapsed time between injury and surgery, the preoperative mtDNA titers were significantly higher than those of the healthy controls. Most patients had comparable levels of plasma mtDNA between 3 days and 10 days after trauma with the previously published initial (within hours of injury) mtDNA concentrations.[@R1] The magnitude of preoperative mtDNA concentrations was correlated with the postoperative increase of mtDNA concentrations (but not the nDNA), which could make mtDNA a valuable marker for optimal timing of major secondary surgical interventions.

Our data suggest that rather than increasing rapidly following surgery, absolute plasma levels of mtDNA actually declined in the immediate postoperative period (up to 7 hours postoperatively), when compared with preoperative titers. This could be explained by intraoperative hemodilution. Increased intraoperative fluid administration was correlated with decreased postoperative titers of mtDNA. This finding highlights the need to include fluid resuscitation among the reported variables in mtDNA research on trauma patients.

mtDNA concentration increased sequentially from 24 hours and 3 days postoperatively before peaking at Day 5. There was a strong trend (*p* = 0.054) in mtDNA concentration increase from 24 hours versus 3 days and 5 days. mtDNA was significantly elevated compared with nDNA concentration at 5 days postoperatively when comparing major and minor pelvic surgery. This indicates the potential link between the magnitude of surgery and postoperative DNA release. This could be caused by the fact that more invasive surgery can result in more severe inflammatory response. Unlike the initial trauma-related increase in mtDNA plasma concentration that occurs within hours of injury and correlates with CK concentrations,[@R10] this sustained elevation of plasma mtDNA is independent of tissue necrosis markers, while nDNA shows correlation with AST and LDH concentrations. The mechanism of this mtDNA release is very likely to be other than direct tissue injury and subsequent cell necrosis.

The current literature suggests rapid increases followed by rapid decline in mtDNA titers following major trauma in humans[@R1] and a rat model of traumatic hemorrhagic shock and subsequent surgery.[@R2] There was a subgroup (eight patients) in a study performed in a polytrauma intensive care unit patient population where cell free DNA was measured over 10 days following admission where cell free DNA was noted to increase from Day 3 after injury, peaking at Day 7.[@R18] The authors did not delineate the type of DNA measured (mtDNA vs. nDNA). The persistence of increased nDNA was confirmed in plasma of major trauma patients up to 28 days following injury.[@R19] The same group noted increased mtDNA identified in the plasma of major trauma patients less than 4 hours after injury.[@R20] This increased mtDNA titer was positively correlated with ISS, but the surgical interventions and potential sepsis were not accounted for.

Some studies[@R18]--[@R20] did not specify their methodology to eliminate the cellular fraction in the plasma samples by including a second high-speed centrifugation step (12,000 rpm in approximately 10 minutes) before DNA extraction.[@R17] Without this step, the white cell fraction may have been lysed during DNA extraction and could have contributed to the "free circulating DNA" measured.

There was also no correlation between AST or LDH and mtDNA. In sepsis, positive correlations had been shown between liver enzymes and plasma mtDNA levels, suggesting inflammatory end-organ damage and subsequent DNA release.[@R21]

With a lack of correlation between markers of tissue necrosis, that is, CK (skeletal muscle), AST, and LDH (liver) failing to correlate with mtDNA levels, alternative possible sources need to be considered. The default mode of cell death for neutrophils remains apoptosis, where little intracellular DNA, whether nDNA or mtDNA, escapes into the extracellular environment. Small amounts of DNA from apoptotic cells do escape degradation by scavenging macrophages[@R22] and are released into the circulation. Under normal physiologic conditions, some 1 g to 10 g of DNA from nucleated leucocytes is degraded and cycled daily.[@R23] Circulating DNA from dying cells is rapidly degraded by DNAse.[@R24] The large titers of plasma DNA in trauma patients suggests deviation from normal physiologic process.

The possible source of free circulating DNA without proven cell necrosis could be that under certain conditions, neutrophils can extrude their DNA into the extracellular environment to form neutrophil extracellular traps (NETs).[@R25] Our current data raise suspicion that an inflammatory mechanism (in contrast to necrosis) could be behind the sustained elevated plasma mtDNA titers in the postoperative period.

The significance of elevated mtDNA compared with nDNA concentration at several perioperative time points (preoperative period, 3 days postoperatively, and 5 days postoperatively) can be better understood by considering the size of the respective genomes. Human mitochondrial genome is 16,569 base pairs, and the human nuclear genome is 3.3 billion base pairs.[@R8] This makes the mtDNA molecule 200 thousand times smaller than nDNA. There are variable numbers of mitochondria in different cell types and between 2 and 10 copies of the mitochondrial genome per mitochondria.[@R8] Those cells with the greatest numbers of mitochondria such as striated muscle and liver would still have approximately six to seven times more nDNA if concentration was expressed as nanogram per milliliter as in this study. The potential release of mtDNA from viable nucleated cells without nDNA release has already been alluded to by studies on NET formation or NETosis.[@R26],[@R27]

Most authors accept that the process of NETosis is a form of controlled cell death[@R28],[@R29] and nuclear chromatin is a major constituent of NETs.[@R30],[@R31] It has been postulated that some neutrophils remain viable while form NETs exclusively from mtDNA[@R26] and eosinophil leukocytes have a mechanism for the "catapult-like release" of mitochondria.[@R27] If such mechanisms for active mitochondrial product expulsion exist as a component of the innate immune response following major injury and subsequent surgery, perhaps, this may help explain why such high titers of mtDNA were measured in the plasma of patients in this study. Recently, we have demonstrated that trauma surgical interventions generate NETs and they primarily contain mtDNA in contrast to NETs produced in response to bacteria, which primarily consists of nDNA.[@R30]

That no significant bDNA was measurable in any patient at any time point confirms that the cellular processes occurred under essentially sterile conditions. This eliminates the possibility of sepsis-related inflammatory tissue damage driving the mtDNA or nDNA release.

The present study is limited by the lack of power to demonstrate statistical differences between groups such as SIRS versus no SIRS, which has been described before.[@R31],[@R32] Our study focused on the standard orthopedic trauma surgical interventions and mtDNA/nDNA release days after those; consequently, our study did not include a very high-risk, severely shocked, and major tissue injury cohort. Although the relatively standard surgical interventions were selected for inclusion, some heterogeneity with respect to the nature of surgery, surgical technique, and the period between injury and surgery are also potential confounding elements in this study.

In conclusion, our pilot study highlights the sustained presence of primarily mtDNA in trauma patients' plasma following surgical interventions. That the timing and the magnitude of surgery correlates with mtDNA concentration makes it potentially attractive as a future marker for second hits and the development of postinjury complications.[@R32],[@R33] Our results and conclusions should be interpreted in the context of the heterogeneity of our population and the pilot nature of our study. Nevertheless, in future research related to postinjury DAMPs, we confidently recommend addressing routinely the timing and effect of surgical interventions and also fluid resuscitation to distinguish between trauma and treatment-associated responses.
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